Objective: Handgrip strength (HGS) exercise has been reported to reduce blood pressure in both hypertensive and normotensive patients. In this study, we evaluated the association of HGS with hypertension in a Chinese Han Population. Methods: A total of 11,151 subjects mainly consisting of a rural population were recruited with a multi-stage sampling method in Jurong city, Jiangsu Province, China. Besides hypertension and diabetes, major chronic diseases were excluded. HGS was categorized into tertiles by age and gender. Logistic regression was used to estimate the association of HGS and hypertension with the odds ratio (OR) and 95% confidence interval (CI). Results: From low to high tertiles of HGS, diastolic blood pressure (DBP) was significantly increased (74.52 ± 7.39, 74.70 ± 7.03, and 75.54 ± 7.01 mmHg, respectively; P trend ¼ 0.001), as well as in females (P trend ¼0.003). The differences in DBP among the tertiles of HGS were still significant in females even after adjusting for covariates (P trend ¼0.048). No significant differences in systolic blood pressure (SBP) were observed among the tertiles of HGS (P>0.05). Compared to low HGS, high HGS was significantly associated with hypertension after adjustment for age and gender (adjusted OR, 1.19; 95% CI, 1.06e1.34; P ¼0.004). A stratified analysis showed that the significant association of high HGS and hypertension was also observed with the following factors even after adjusting for age and gender: female gender (adjusted OR, 1.25; 95% CI, 1.08e1.46; P¼0.004), ages of 60e69 years (adjusted OR, 1.29; 95% CI, 1.06e1.57; P¼0.011), and married (adjusted OR, 1.20; 95% CI, 1.06e1.37; P¼0.005). However, no significant associations were found after adjusting for age, gender, smoking status, drinking status, body mass index, physical activity level, glucose, high-and low-density lipoprotein cholesterol, total cholesterol, and triglyceride (P>0.05).
Hypertension, defined as the presence of a systolic blood pressure (SBP) level !140 mmHg and a diastolic blood pressure (DBP) level !90 mmHg, is a highly preventable disorder of epidemic proportions worldwide. 1, 2 As one of the main causes of cardiovascular disease (CVD), hypertension accounts for ten million deaths every year, 3 contributing to the heavy burden of chronic cardiovascular diseases globally. 4, 5 Hypertension is more prevalent in the older population and is closely related to behavioral risk factors, such as an unbalanced diet, excess weight, tobacco consumption, alcohol use, persistent exposure to tension or stress, physical inactivity, as well as the presence of diabetes mellitus and high cholesterol levels. The prevention and management of hypertension include early detection and treatment, and minimizing behavioral risk factors. 6 International and national guidelines for prevention of hypertension recommend physical activity of moderate intensity for at least 150 minutes per week, or physical activity of vigorous intensity for 75 minutes per week. 7, 8 The handgrip strength (HGS) is a fast and low-cost test used for evaluation of an individual's muscle strength. 9, 10 It has been reported that isometric resistance exercise is an ideal and effective exercise method to reduce the blood pressure (BP) levels in individuals with normal and high BP. 11, 12 In contrast, in the elderly, a higher HGS was observed to be associated with elevated BP levels. 13 Previous randomized controlled trials with small sample sizes have found that a six-to ten-week isometric handgrip training could help reduce either the SBP or DBP by 5%e10%. 14, 15 However, isometric handgrip training performed for a short time or at low intensity did not induce a transient reduction in BP levels. 16, 17 Fernandez et al 18 suggested that the effect of the high HGS was mediated by the body mass index (BMI). However, Dong et al 19 found that even after adjustment for BMI, individuals with higher HGS usually had higher, rather than lower BP levels. 19 The relationship between the HGS and the prevalence of hypertension remains to be further elucidated. The primary aim of this study was to evaluate the association of the HGS and the prevalence of hypertension in a Chinese Han population.
Methods

Subjects
A community-based, cross-sectional observational study was carried out using a multi-stage sampling method in 13 townships of Jurong city, Jiangsu Province, in the south of China. A total of 11,151 subjects, aged !18 years, were recruited from October to November 2015. The participants were permanent residents for the duration of the study. Over 80% of the subjects were rural residents. Participants with any of the following conditions were excluded from the study: chronic heart disease, stroke, cancer, viral hepatitis, fatty liver disease, gastrointestinal disease, rheumatic arthritis, chronic kidney disease, or chronic obstructive pulmonary disease. The exclusion criteria were based on the presence of a condition, a serious physical or mental illness that would prevent the obtainment of anthropometric measurements. Finally, 7752 participants were included in this study (Fig. 1) . Blood pressure data missing (n=3) Fig. 1 . Flow chart of the participant inclusion in this cross-sectional study. The HGS data of ninety-six patients with chronic diseases were missing.
All participants were interviewed using a predesigned and pretested questionnaire regarding their demographic information, smoking and drinking habits, educational level, physical activity (PA), BP level, history of chronic diseases and mental health conditions, and anthropometric measurements (height and weight).
We organized a comprehensive training workshop for the staff members who collected the data, and we explained the interview techniques, practical applications, data collection tools, and the area guidelines. The study protocol was approved by the Research Ethics Committee of Nanjing Medical University (NMU03307). Written informed consent was obtained from all subjects during the interviews.
Measurement and definition
A standard face-to-face questionnaire was used to collect socio-demographic information: age, gender, marital status, educational level, smoking and drinking habits, as well as PA. Anthropometric indices, including weight (kg) and height (cm), were measured by the trained staff using standard devices. Blood samples were drawn to analyze the levels of highdensity lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), serum total cholesterol (TC), serum triglyceride (TG), and glucose (GLU) after 8 hours of overnight fasting. The blood cold chain was maintained at À20 C. All blood samples were tested using Cobas® 6000 analyzer (Roche Diagnostics GmbH, Ibaraki-ken, Japan).
A digital sphygmomanometer (HEM-7207, OMRON Co. Ltd., Dalian, Liaoning, China) was used for BP measurement. Before the measurement, the individuals were required to sit still, silently, for 4e6 minutes. Three measurements were recorded at intervals of 30 seconds on the right arm, and the mean values of SBP and DBP were calculated. Hypertension was defined as an averaged BP level !140/90 mmHg, or a history of hypertension or taking antihypertensive medicine.
Weight was measured using a Libra weighing machine with closeness of 0.5 kg, and height was recorded using a steel anthropometry rod with closeness of 0.2 cm. BMI was calculated as the ratio of the weight (kg) to squared height (m 2 ). Based on the obtained BMI, the subjects were classified into two groups: nonobese (BMI <24), and obese group (BMI !24). The participants who were underweight (<18.5 kg/m HGS test was used to evaluate the HGS, as an indicator of muscle strength, according to the instructions of the Institute of Medicine. 20 HGS was measured using a CAMPY electronic hand dynamometer (EH101, CAMRY, Zhongshan, Guangdong, China), according to a standard procedure. 11, 21, 22 Subjects were required to squeeze the dynamometer as hard as they could for more than 2 seconds; the results were recorded in kilograms. The HGS was categorized into tertiles, as low, moderate, and high HGS, in each age group of males and females separately.
Information on physical activity during the past years was collected using the Global Physical Activity Questionnaire (GPAQ). 23e25 The weekly physical activity categories (domestic, gardening, sedentary, and work activities), and the corresponding time were determined using the questionnaire. The total metabolic equivalent (MET), expressed in minutes per week, was summed for the four categories of physical activity and categorized into tertiles, as low, moderate, and high physical activity.
Statistical analysis
The probability proportional to size (PPS) sampling method was used. Quantitative variables with normal distribution were expressed as mean ± standard deviation, and the differences between the groups were assessed with one-way analysis of variance (ANOVA). The frequencies of the categorical variables were compared using the Chisquared (c 2 ) test. The Pearson's correlation test was applied to estimate the relationship of SBP and DBP with HGS. Logistic regression analysis was used to estimate the association between HGS and the prevalence of hypertension, with odds ratio (OR) and 95% confidence intervals (CIs), as well as adjustment for confounding factors. The SPSS software for Windows, version 24.0 (IBM Corporation, Armonk, New York, USA) was used for statistical analysis. Twotailed P value < 0.05 was considered statistically significant.
Results
Characteristics of the participants
The socio-demographic characteristics of the study subjects are presented in Table 1 . The study sample consisted of 7752 individuals aged !18 years; of those, 2984 were male and 4768 were female. The mean age of the subjects in the low, moderate, and high HGS tertiles was 59.6 ± 11.7, 59.2 ± 11.3, and 58.8 ± 11.1 years, respectively. The age, marital status, educational level, smoking and drinking habits, BMI, PA, and presence of hypertension, as well as the TG level, were significantly different (P < 0.05) between the HGS tertiles ( Table 1) .
Correlation analysis of HGS and the BP
In the normotensives, the average values of SBP in the subjects of the low, moderate, and high HGS tertiles were 123.03 ± 10.22 mmHg, 123.02 ± 9.87 mmHg, and 123.60 ± 9.71 mmHg, respectively, without statistically significant difference (P>0.05). As observed from the low to the high HGS tertile, the subjects' DBP level significantly increased (74.52 ± 7.39 mmHg, 74.70 ± 7.03 mmHg and 75.54 ± 7.01 mmHg, respectively, with P trend ¼ 0.001), as well as in female subjects (P trend ¼0.003) ( Table S1 in the Supplementary Appendix).
After adjustment for age, gender, smoking and drinking habits, BMI, PA, and levels of GLU, HDL-C, LDL-C, TC, and TG, the differences in DBP level between the subjects of the HGS tertiles remained significant in females, which was not the case for those in SBP level ( Table 2 ).
Association analysis of HGS and the prevalence of hypertension
High HGS values were positively associated with an increased risk of hypertension in female subjects (OR: 1.16, 95% CI: 1.01e1.34, P ¼ 0.033); however, this was not the case in male subjects (OR: 1.04, 95% CI: 0.86e1.25, P ¼ 0.718).
After adjustment for age and gender (model 1), the adjusted OR (95% CI) of high HGS values and the prevalence of hypertension was 1.19 (1.06e1.34), with P value of 0.004. The association was confirmed in female subjects (OR: 1.25, 95% CI: 1.08e1.46, P ¼ 0.004), but not in males. However, after an adjustment for smoking and drinking habits, BMI, and PA was added to model 1 (model 2), there was no significant association between the high HGS values and the prevalence of hypertension, both in male and female subjects. In addition, after an adjustment for levels of GLU, HDL-C, LDL-C, TC, and TG was added to model 2 (model 3), no significant association was found between the high HGS values and the prevalence of hypertension, both in male and female subjects (Table 3) .
Stratification analysis of HGS and the prevalence of hypertension
In the age groups 18e49 and 60e69 years, the high HGS values were positively associated with the prevalence of hypertension; the crude ORs (95% CIs) were 1.29 (1.00e1.66) and 1.31 (1.08e1.60), respectively, with P values less than 0.05. This association was also observed in the groups of married subjects and those with an education level higher than high school; the crude ORs (95% CIs) were 1.13 (1.01e1.28) and 1.53 (1.08e2.18), respectively, with P values of 0.039 and 0.017, respectively (Fig. 2) .
After adjustment for age and gender, the association of high HGS values with the prevalence of hypertension remained statistically significant in the age group of 60e69 years and the group of married subjects (OR:1.29, 95% CI: 1.06e1.57, P ¼ 0.011; and OR:1.20, 95% CI: 1.06e1.37, P ¼ 0.005, respectively) (model 1). After further adjustment for confounders in model 2 and model 3, there was no significant association observed in the abovementioned groups (Table S2 in the Supplementary  Appendix) .
Furthermore, no significant association of moderate HGS values with the prevalence of hypertension was found in any of the groups of age, educational level, marital status, BMI and physical activity (Fig. 3) , even after adjustment for all covariates (age, gender, smoking and drinking habits, BMI, PA, and levels of GLU, HDL-C, LDL-C, TC, and TG) ( Table S2 in the Supplementary Appendix).
Discussion
In this study, the results indicated that the HGS was positively correlated with the DBP, but not with the Table 2 Correlation between SBP, DBP and levels of handgrip strength in the normotensives (n ¼ 3234).
Population
Blood Data were presented as mean ± standard deviation. SBP: systolic blood pressure; DBP: diastolic blood pressure. a The univariate analysis of variance was used to compare the means of SBP and DBP among handgrip strength tertiles after adjustment for age, gender, smoking, drinking, body mass index, physical activity, fasting glucose level, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, total cholesterol, and triglyceride.
b P trend of linear trend test. SBP. A cross-sectional study of a population of 4597 subjects also showed that the HGS was positively correlated with the DBP
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; however, in that study it was observed that the HGS was also significantly associated with the SBP. Another cross-sectional study in China, with a population consisting of 89,655 students, aged 13e17 years, revealed that higher HGS values were associated with an increased BP. 19 Furthermore, a third cross-sectional study described that high HGS values were associated with a higher BP in the elderly, but not in young people. This study observed that the crude association of high HGS values with the prevalence of hypertension was significant particularly in female subjects, even after adjustment for age and gender. However, after adjustment for more confounding factors, the association was not replicated. Most of the confounding factors adjusted for in this study are risk factors of hypertension; thus, further adjustment for these covariates is necessary and should be done cautiously. Nonetheless, the results of this study might imply that the association of HGS and the prevalence of hypertension might be modified by the smoking and drinking habits, BMI, PA, and the levels of cholesterol and GLU. Furthermore, the results of this study need to be further verified in a cohort study.
Although several interventional studies have been performed, their results were not consistent. Millar et al 27 observed that isometric exercise training plays a vital role in reducing the BP in individuals with normal and elevated BP. Several randomized controlled trials found that a more intense isometric HGS exercise was significantly associated with decreased BP. 14, 15, 28, 29 However, another randomized controlled trial did not support the beneficial effects of isometric HGS exercise on the BP level. 16 The results of this study showed that after further stratified analysis by age, marital status, educational level, BMI and PA, and after adjustment for age and gender, the high HGS values were associated with the prevalence of hypertension in the subjects of the age group of 60e69 years; however, this association was not found in elderly people, aged above 70 years. Muscle mass loss, commonly known as sarcopenia, has often been reported with aging. In the elderly, sarcopenia is a major risk factor of strength loss. 30e34 The loss in muscle strength would affect the physical performance, functional status, and mobility, which would increase the risk of impairment occurrence, hypertension development, cardiovascular disease development, as well as death. The decrease in muscle strength occurs more rapidly than the loss of the muscle tissue or mass. The muscle strength might not be retained by maintaining or increasing the muscle mass. 35 The inability to perform physical activity is one of the major risk factors for loss of muscle strength. 36e38 In contrast, high HGS might be linked to heavy or aggressive labor in the rural population, and that would increase the risk of hypertension. In addition, the association between high HGS and the prevalence of hypertension was observed in the group of married subjects, which might be due to the greater level of physical activity in married people, performing many household assignments, and to the greater work-related pressure than that in single or divorced people.
Although this study was performed in a relatively large sample, there are some limitations that need to be discussed. First, the association between HGS and the prevalence of hypertension might not be clear, as this is a cross-sectional study. Further research through a prospective study would be warranted. Second, for establishing a new diagnosis of hypertension, three measures on three separate days are required. This study included the self-reported history of hypertension and three measures in one day; thus, the prevalence of hypertension might be overestimated. Third, the muscle quantity/size, which is an adequate factor for overall evaluation of HGS, was not measured in this study. Fourth, our study population had a higher proportion of older people; hence, the muscle strength in the older participants might have been lower than that in the younger participants. Despite these limitations, the initial findings of this study would warrant further research to verify the relationship between HGS and the risk of hypertension.
Conclusions
In conclusion, the current study revealed that the HGS was positively correlated with the DBP, and that high HGS values were associated with the prevalence of hypertension in female subjects; however, this association might be modified by the smoking and drinking habits, BMI, PA, and the levels of cholesterol and GLU. Further studies are needed to verify whether the HGS, an easily measurable physical fitness index, can be utilized to assess the development and prognosis of hypertension.
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